The Tibetan Plateau has very high levels of ultraviolet radiation. To study the UV radiation across the Tibetan Plateau, data from the TOMS (Total Ozone Mapping Spectrometer) satellite for the periods 1979 -1992 and 1997-2003 are used. The analysis shows a 21-year average of the spatial distribution of daily summer erythemal UV doses across the Tibetan Plateau and its vicinity with a spatial resolution of 1° Lat. -1.25° Long., also obtains temporal variations during the period 1979 -2003 of UV radiation for the region by selecting seven locations across the Tibetan Plateau and its neighboring areas. The results show that during the summer months from May to August the average daily erythemal UV doses at the selected seven sites across the Tibetan Plateau range from 7.5 to 9.0 kJ/m2. These daily erythemal UV doses are considerably higher than those observed at 
Introduction
Quantification of local erythemal (McKinlay and Diffey, 1987 ) UV radiation levels is important for studies of biological, environmental, and human health effects of UV radiation (Diaz et al., 2001; Kripke, 1990; Reichrath et al., 2008) . We examine levels of UV radiation across the Tibetan Plateau, the highest plateau in the world. The plateau is characterized by a highly intense solar radiation and a particularly high UV radiation component (Dahlback et al., 2007) . Due to the combined effects of high altitude, thin air (60-70% air pressure compared to that at sea level), low ozone concentration (Zou and Gao,1997) , and low latitude (27°N -39°N) , the surface UV radiation levels across the Tibetan Plateau are among the highest in the world during the summer months.
Altitude Effect on Surface UV
Many factors, including latitude, sky conditions, surface conditions, time of the year, and total ozone column amount (TOCA) in the atmosphere, determine the amount of surface UV radiation at a given geographical location (McKenzie et al., 1998; Madronich, 1993) . If all other conditions are the same, the altitude impact on the surface UV radiation is significant. Lhasa in Tibet, Chengdu in China, and New Delhi in India are located at similar latitudes, ranging from 28.67° N to 31.1° N. However, Lhasa, which is the higher and drier of these three places, receives an average summer daily erythemal UV dose that is about twice as large as that received in Chengdu or New Delhi. UV radiation is also absorbed by tropospheric ozone in the lower atmosphere (Brühl and Crutzen, 1989) . At mid-latitudes in the northern hemisphere, a typical vertical profile of ozone shows that the total ozone column amount decreases rapidly with increasing altitude until an altitude of about 7 km above the sea level. Therefore, the higher the altitude, the lower the total ozone column amount, and the higher the UV radiation level at the surface. On the other hand, UV is scattered by clouds, water vapor, dust particles, and air molecules (Liu et al., 1991) . For a clear sky, UV radiation may be significantly attenuated by Rayleigh scattering, since the scattering cross-section is inversely proportional to the fourth power of the wavelength. But UV radiation is also subjected to Mie scattering by water droplets (clouds), pollen, dust, smoke, and other particles in the lower part of the atmosphere. Thus, the higher the altitude, the dryer and cleaner the air with less scattering particles, the higher the UV radiation levels at the surface. This also implies that at higher altitudes there is more direct UV radiation than at the sea level, where there are about equal amounts of direct and diffuse UV radiation. As a general consequence of this, for every 1 km increase in altitude the UV level may increase by approximately 7 -9% (Dahlback et al., 2007) 
Ground-based UV Measurements in Tibet
Ground-based instruments are best suited for measuring the UV radiation that reaches the surface of the Earth at a particular location. Compared to ground-based instruments, satellite instruments for measuring UV radiation have the advantages that they cover large areas of the surface simultaneously and provide access to remote areas that can not easily be reached at the ground. Thus, with satellite instruments one can obtain a cost-effective monitoring of UV radiation levels and total ozone column amounts covering most places on the Earth's surface. Satellite remote sensing is particularly useful at remote sites where natural conditions make access for ground measurements difficult.
In this paper we investigate the consistency of two types of UV radiation data for Lhasa in Tibet by comparing ground-measured UV levels with corresponding satellite-estimated values for the spring and summer months of 2003.
The ground-based UV measurements were carried out at the Solar UV and Ozone Observatory at Tibet University in Lhasa. Multi-channel moderate bandwidth filter NILU-UV irradiance meters (Høiskar et al., 2003) manufactured by the Norwegian Institute for Air Research (NILU AS, http://uv.nilu.no) were used to measure the total incoming irradiance in five channels across the UV spectral range with center wavelengths at 305 nm, 312 nm, 320 nm, 340 nm, and 380 nm. The Full Width at Half Maximum (FWHM) of each channel is about 10 nm. Instruments such as these require accurate calibrations. Teflon diffusers are placed in front of the filters to obtain the global radiation. The algorithm used to derive UV radiation levels and total ozone column amounts from NILU-UV instrument recordings is given in (Dahlback 1996) . Protection Authoroty (NRPA), Norway in 2003.
Derivation of TOMS Daily Erythemal UV Doses
The TOMS (http://toms.gsfc.nasa.gov/; McPeters et al., 1996; McPeters et al., 1998) incident at the top of the atmosphere when the Earth is at a distance of 1 A.U. from the Sun, has been measured by satellite instruments (Woods et al., 1996) . Given the total ozone column amount  measured by TOMS, the wavelength , and the solar zenith angle  , the spectral irradiance ) ( F (normalized to a maximum value of unity at the top of the atmosphere) at the surface for a clear sky condition is computed using tabulated solutions of the radiative transfer equation. The cloud attenuation factor
in (1) The global UV data sets used in the present work have been very useful for documenting the annual variability of the UV radiation and for detecting trends on a large spatial scale. However, uncertainties caused by drift in the TOMS instrument, data processing errors, and calibration errors may be present in the data. During our research period we found a number of random data errors, e.g. impossibly large data values did occasionally occur. In such cases, the erroneous data were replaced by averages of previous and subsequent data. This procedure was found to be acceptable for making long-term averages. According to the TOMS erythemal data products notes (ftp://jwocky.gsfc.nasa.gov/pub/eptoms/data/erynotes.pdf), the EP/TOMS total ozone column amount has an absolute error of 3%, a random error of 2% (although these errors are somewhat higher at high latitudes), and a drift after 1.5 years of operation of less than 0.6%. Satellites measuring UV radiation and ozone pass over a given location once a day. The computed cloud optical thickness cl  is assumed to be valid throughout the day.
This assumption may lead to large discrepancies between UV radiation exposures derived from TOMS data and ground based measurements. By taking a sufficiently long time average, one may reduce this error. In high-altitude regions with a high surface reflectivity the TOMS UV algorithm tends to overestimate the UV exposure.
Nevertheless, comparisons reported in the literature for the northern hemisphere of TOMS derived UV radiation data with those obtained from ground-based measurements have shown that the use of TOMS data to derive daily, monthly or annual erythemal UV doses at most places on Earth is accurate enough for most medical or biological applications.
Results and Discussion

Comparison between Satellite (EP/TOMS) Estimated and Ground-Measured UV radiation data for Lhasa in Tibet
The use of satellite and ground-based data has a complementary effect on the observation of variations in UV radiation and total ozone column amount. The TOMS daily erythemal UV dose represents an average for each day over a certain area (the TOMS instrument makes 35 measurements every 8 seconds, each covering around 50-200 km of the Earth's surface) and is determined from the satellite overpass information. In contrast, ground-based UV radiation measurements, which provide a higher temporal resolution during a day at one specific location, are sensitive to variations in the cloud structure and the surface albedo, and also to obstructions that may block a part of the incoming radiation. Therefore, the UV radiation values derived from these two different measurements will never agree perfectly. Fig.1 shows comparisons between ground-measured and EP/TOMS-derived erythemal UV doses for Lhasa in 2003.
The daily erythemal UV doses for a clear-sky atmosphere are about 13.0% higher (on the average) than the corresponding values measured on the ground. We also found that the TOMS-derived monthly average of the daily erythemal UV dose in Lhasa for 2003 is higher than the ground-measured UV dose by about 17.0% (on the average). In addition to the error sources mentioned above, these differences may be due to:
• The tendency to overestimate UV exposures at high altitudes as mentioned in the TOMS Data User's Guide.
• Small drift of the NILU-UV instrument. We detected small drifts in some of the channels of the instrument. Drift correction was made by increasing the daily erythemal UV dose by about 3-6% for some of the months, but this correction may not have been sufficient.
• Observation conditions. The instrument in Lhasa was mounted at the top of a building that is surrounded by high mountains. The nearest mountains are about five kilometers to the south of the building. This natural obstruction may contribute some part of the causes.
Spatial Distribution of Summer Erythemal UV dose across the Tibetan Plateau
We used NIMBUS-7/TOMS and EP/TOMS daily erythemal UV data for the periods1979 -1992 and 1997 -2003 , determined a 21-year average of the spatial distribution of daily erythemal UV doses across the Tibetan Plateau and its vicinity, which is important for studies of environmental, and human health effects of UV radiation. The daily erythemal UV doses at any point at the Tibetan Plateau and its vicinity with a spatial resolution of 1° Latitude -1.25° Longitude are clearly shown in a 3D color map in Fig.2 and 2D color map in Fig.3(a) . Both figures (made from a same data) show that the daily erythemal UV doses at the Tibetan Plateau are considerably higher than those observed at geographically close, but lower-altitude locations. The summer mean daily erythemal UV dose exceeds about 6.0 kJ/m 2 over the whole Tibetan Plateau. Extremely high summer erythemal UV doses (above 8.0 kJ/m 2 ) have been found to occur in some areas (see Fig.2 ) at the Tibetan Plateau:
• In the eastern part of the Tibetan Plateau, in the Chamdo region;
• In the middle of the Tibetan Plateau, in the Lhasa and Nagqu regions; The altitude effect on the UV radiation is reflected in Fig.2 and Fig.3(a) . Fig.3(b) shows an elevation contour map of the Tibetan Plateau obtained by using high-resolution elevation data from the Global Elevation Dataset, TerrainBase (Terrain Base). By comparing Fig.3(a) and Fig.3(b) , we clearly see the altitude effect on the UV radiation. For the most areas, the higher the altitude the higher the UV level. The elevation map in Fig.3(b) is roughly reflected in the UV radiation map in Fig.3(a) . In the TOMS UV radiation dataset, a nominal increase of 6% per kilometer increase in altitude was employed to estimate exposure levels for areas above the sea level. The grid coordinates in Fig.3(a) Fig.3(b) shows the altitude in meters. The spatial distribution of the multi-year average of the summer mean daily erythemal UV dose is illustrated in Fig.3(a) . The daily erythemal UV dose received in the most populated areas in Tibet, including all major towns (except Ngintri), is above 7.0 kJ/m 2 , as shown by the yellow and red patches in Fig.3(a) .
Extremely high UV doses above 8.0 kJ/m 2 occur in the higher-altitude areas in the northern part of the west Himalayan mountains, which are mainly in the western part of Tibet. The highest UV dose reaches 9.1 kJ/m 2 in the area about 30.5° N and 85° E.
Weather conditions may affect the average UV radiation level significantly. We found the summer mean daily erythemal UV dose for the Mt. Everest area to be only about 7.0 kJ/m 2 . However, the instantaneous erythemal UV dose rate in this area may be the highest in the world during the summer. The Himalayas, including Mt. Everest, represent the climatic boundary between a region dominated by the influence of the Indian summer monsoon to the South and the relatively dry continental climate to the North on the Tibetan Plateau. This may be one of the main reasons why the extremely high UV radiation levels (with daily erythemal UV doses above 8.0 ) occur to the North of the boundary, inside the Tibetan region shown as a red patch in Fig.3(a) . The annual total solar irradiances in this region are the highest in the Tibetan Plateau. The Earth's surface conditions also affect the level of the UV radiation. Generally, snow and ice reflect more than 70% of the UV radiation, whereas bare ground and sand reflect only about 15%. Grass, soil, and water reflect less than 10%. The ground surface of the Tibetan Plateau is partly snow covered, partly rocky mountains, and partly bare ground in the western part of Tibet, from a longitude of about 77° E to about 87° E. The high UV radiation levels in this region are probably caused by the combined effects of altitude, surface reflection enhancement, and sunny weather. But the high UV levels derived from satellite data could also be caused by the tendency to overestimate, as mentioned earlier. At the south-eastern edges of the Tibetan Plateau, more grassland appears giving a lower surface reflection, which may make the UV radiation levels decrease in these regions.
Temporal Variations of Erythemal UV Dose across the Tibetan Plateau
The time of the year affects the level of the UV radiation tremendously. We studied temporal variations of daily UV doses over the Tibetan Plateau and its neighboring areas.
2.3.1 Temporal variation of daily erythemal UV dose for Lhasa Fig.3(a) and Fig.3(b) show that the Lhasa region, which is the most populated area in Tibet, has a vary high UV radiation exposure in the summers. Fig.4 shows multi-year (1980-1992 and 1997-2003) averages of monthly mean daily erythemal UV doses in Lhasa. It exhibits a typical monthly variation of the erythemal UV dose at one point on the Tibetan Plateau, showing that the amount of UV radiation varies significantly with month and season. During the summer the UV radiation level is more than three times higher than during the winter. During the summer (May -August) the average daily erythemal UV dose in Lhasa exceeds 6.0 kJ/m 2 , and it reaches a peak in June of about 8.5 kJ/m 2 .
Temporal variations of UV radiation over the plateau in the summers
At the Tibetan Plateau plants and trees are budding and opening new leaves during the period from May to July, it is the best season for the tourists too. A high UV radaiton may be harmful both to the new life and new people, unless the organisms and people are able to adapt to the environment. We selected the three summer months of May, June, and July to show the temporal variation in the UV radiation at the Tibetan Plateau in this particular season. Fig.5 (May, June, July) illustrates the monthly variation of the UV radiation at any location on the Tibetan Plateau and in its neighboring lower-altitude areas during the three summer months. The figures show a significant UV variation from one month to another in most areas of the Tibetan Plateau. The regions with highest UV radiation are shown as dark red patches. They receive a daily erythemal UV dose above 9.0 kJ/m 2 . The red patches represent areas that receive a daily erythemal UV dose above 8.0 kJ/m 2 , and yellow patches represent areas that receive a daily erythemal UV dose above 7.0 kJ/m 2 . These 2D color maps show that in certain areas of the Tibetan Plateau, the dark red areas get larger and larger from May to July, get maximum in July.
Long-term variations of UV radiation for some selected towns
We also analyzed long-term summer erythemal UV doses at some selected places across the Tibetan Plateau and its vicinity to determine the variations in the average daily UV dose for 21 summers in the period from 1979 to 2003 (Note that for the years from 1993 to 1996 there are not sufficient satellite data available). Fig.6 shows a long-term variations of averaged daily erythemal UV doses at the seven selected. We see that the three locations, Lhasa, Nagqu, and Chamdo at the heart of the Tibetan Plateau have very similar fluctuation variations from year to year. There is a clear trend from 1980 to around 1992 of an increasing level of the UV radiation. During this period the summer average daily erythemal UV dose in Lhasa, Chamdo, and Nagqu increased by respectively 1.69%, 1.18%, and 0.67% per year. For Senge Khabob the corresponding increase was only 0.35%. However, for the neighboring lower-altitude areas there is no significant trend. Fig.6 also shows that the summer UV radiation at the Tibetan Plateau is much higher than at the surrounding lower-altitude areas for all years.
Except the other factors of controlling surface UV levels, ozone may play very sensitive role to the UV level (WMO, 1998) . A so called "ozone valley" (Liu et al.,2003) over the Tibetan Plateau in summer was found. The TOCAs across the Tibetan Plateau are much lower than across the neighboring lower-altitude areas, this may be one of reasons why the UV levels are much higher at the Tibetan Plateau than that of others. However, we note that recently signs of a global ozone recovery were reported based on satellite data analyses (Newchurch et al., 2003) . Additional comments on this issue are beyond the scope of this paper.
Conclusions
For the first time, spatial distributions of solar UV radiation over the Tibetan Plateau and its vicinity have been studied. Spatially resolved maps of multi-year averaged summer mean daily erythemal UV dose are obtained, which may provide more accurate information for UV climatology over that region where very limited studies on the subject had been curried out. The Tibetan Plateau receives extremely high level of daily erythemal UV doses in the summers, the average may range from about 6.0 kJ/m 2 to 9.1 kJ/m 2 . For those in neighboring areas at lower altitudes, the averages are bellow 6.0 kJ/m 2 . Extremely high (above 8.0 kJ/m 2 ) daily erythemal UV doses do occur in some places in July, particularly. Erythemal UV dose level above 7.0 kJ/m 2 occur in the most populated areas too.
The high altitude, low TOCA, reflective surface and thin air etc. may play great role for the high level of UV radiation over the Tibetan Plateau.
Temporal variations of summer mean daily erythemal UV doses for the 21 years are discussed. An increasing trend in the daily erythemal UV dose during 1980 to 1992 for the Tibetan Plateau was found. E.g. Lhasa increased by 1.69% per year. There was no significant increase from 1997 to 2003. UV level over the Tibetan Plateau seems very sensitive to TOCA, the temporal fluctuation in the UV radiation is anti-correlated with the fluctuation in the TOCA.
The comparison between satellite derived UV radiation and ground-based measurements indicates that the monthly average of the daily erythemal UV dose in Lhasa is higher than the ground-measured by about 17.0%. The daily erythemal UV doses for a clear-sky are about 13.0% higher than the corresponding values measured on the ground. 
